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Neutron and x-ray total scattering measurements have been performed on powder samples of
the iron chalcogenide superconductor FeSe. Using pair distribution function (PDF) analysis of
the total scattering data to investigate short-range atomic correlations, we establish the existence
of an instantaneous, local orthorhombic structural distortion attributable to nematic fluctuations
that persists well into the high-temperature tetragonal phase, at least up to 300 K and likely
to significantly higher temperatures. This short-range orthorhombic distortion is correlated over
a length scale of about 1 nm at 300 K and grows to several nm as the temperature is lowered
toward the long-range structural transition temperature. In the low-temperature nematic state, the
local instantaneous structure exhibits an enhanced orthorhombic distortion relative to the average
structure with a typical relaxation length of 3 nm. The quantitative characterization of these
orthorhombic fluctuations sheds light on nematicity in this canonical iron-based superconductor.
Understanding the role of electronic nematicity in
iron-based superconductors (FeSCs) remains an out-
standing goal among researchers in the field. Character-
ized by an electronically-driven splitting of the dxz and
dyz bands that reduces the original C4 rotational sym-
metry to C2, nematic order manifests as a tetragonal-to-
orthorhombic structural phase transition and a signifi-
cant anisotropy in the spin susceptibility, which almost
always triggers long-range magnetic order [1–4]. Because
optimal superconductivity occurs near a nematic insta-
bility in diverse families of FeSCs, nematicity and super-
conductivity are thought to share a profound connec-
tion [5–13]. Nevertheless, a comprehensive understand-
ing of the origin of electronic nematicity and its pre-
cise relationship to superconductivity remains elusive, in
part due to the complexity introduced by the coupling
between nematicity, orbital order, and magnetic order.
Iron selenium (FeSe) is unique among FeSCs in that it
possesses the simplest crystal structure and does not ex-
hibit long-range magnetic order in the low-temperature
nematic phase [14, 15]. As such, it is a promising system
in which to investigate electronic nematicity. Indeed,
FeSe has been the object of extensive research efforts,
focused primarily on the orbital and magnetic degrees
of freedom and their interrelationships with nematicity
and superconductivity [16–25]. The high-temperature
crystal structure is described by the tetragonal space
group P4/nmm and transforms to orthorhombic Cmma
in the nematic state below Ts ≈ 90 K, resulting in the
square lattice of Fe atoms present at high temperature
deforming into a rectangular lattice at low temperature.
The crystal structure of FeSe is displayed in Fig. 1(a),
with the distorted Fe sublattice shown schematically in
panel (b). In terms of the orthorhombic unit cell, the
orthorhombic distortion corresponds to a nonzero dif-
ference between the length of the a and b lattice vec-
tors, which can be quantified by the dimensionless or-
thorhombicity parameter δ = (a− b)/(a+ b). For FeSe,
the maximum distortion of the average structure at low
temperature corresponds to δ ≈ 0.002 [15].
In FeSe and other systems, valuable insight can be
gained through studies of not only the static nematic
phase, but also fluctuations and other signatures of the
nematic phase at temperatures above Ts [8, 9, 26–41].
These fluctuations may contain clues about the origin of
nematicity and its connection to superconductivity. The
relatively large characteristic energy associated with the
nematicity (∼50 meV [25]) indicates that the nematic
order parameter drives the structural phase transition,
accomplished through linear coupling to the orthorhom-
bic order parameter [2, 27, 42]. Fluctuating nematicity
therefore results in fluctuating orthorhombic distortions
of the lattice. Consequently, studying fluctuations of the
orthorhombic order parameter can provide insights into
fluctuations of the nematic order parameter.
Short-range, fluctuating orthorhombicity has re-
cently been observed in the hole-doped pnictide sys-
tem Sr1−xNaxFe2As2 through pair distribution func-
tion (PDF) analysis of neutron and x-ray total scat-
tering data [43, 44]. By Fourier transforming the to-
tal scattering pattern, which includes both Bragg scat-
tering from long-range structural correlations and dif-
fuse scattering from short-range correlations, the PDF
method enables quantitative refinement of the instan-
taneous atomic structure on short length scales in real
space [45]. The previous work on Sr1−xNaxFe2As2 re-
vealed the presence of short-range orthorhombic distor-
tions correlated over a 2-3 nm length scale that persist up
to remarkably high temperatures (∼500 K for the par-
ent compound) and survive even in heavily doped com-
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2FIG. 1. (a) Crystal structure of FeSe, with Fe atoms shown
in brown and Se atoms in turquoise. The solid lines show the
unit cell of the orthorhombic structure (space group Cmma).
(b) View of the distorted iron sublattice within each layer of
the crystal structure. The solid rectangle represents the pro-
jection of the orthorhombic unit cell onto the Fe plane, while
the dashed rhombus shows the distorted tetragonal unit cell.
The black arrows indicate the strain directions leading to the
distortion. The magnitude of the distortion has been exag-
gerated for clarity. The red and green arrows indicate the
directions of a and b orthorhombic lattice vectors, respec-
tively.
pounds exhibiting optimal superconductivity. However,
the few published PDF studies of 11-type iron chalco-
genide systems [46, 47] have not examined nematic fluc-
tuations, leaving a gap in the experimental literature.
We address that need here by presenting a thor-
ough PDF analysis of x-ray and neutron total scatter-
ing measurements of FeSe. We observe short-range,
nanometer-scale orthorhombic distortions of the instan-
taneous structure at least up to room temperature,
which grow in correlation length upon cooling and persist
in the static nematic phase in the form of enhanced lo-
cal orthorhombicity relative to the long-range distortion
of the average structure. In addition to providing real-
space confirmation and a quantitative characterization
of enhanced orthorhombic fluctuations in FeSe, these re-
sults further establish the relevance of fluctuating ne-
maticity across multiple families of FeSCs.
Single crystals of FeSe were grown under a permanent
temperature gradient (∼400 ◦C to 330 ◦C) using KCl-
AlCl3 flux [24]. Samples with a total mass of 2 g were
gently ground with a mortar and pestle inside an argon-
filled glove box for 10 minutes to produce a powder used
for neutron total scattering measurements. A second,
identically prepared powder of mass 0.5 g, was produced
for equivalent x-ray characterization.
The neutron total scattering measurements were per-
formed on the General Materials Diffractometer (GEM),
a time-of-flight instrument at the ISIS Neutron Source of
Rutherford Appleton Laboratory [48]. The sample was
placed in a closed cycle refrigerator to control the tem-
perature. Scattering data were collected for 12 hours for
each temperature point measured. The raw total scat-
tering structure function S(Q) was reduced and trans-
formed to the real-space PDF using the Gudrun pack-
age [49] installed on the beamline computers. A maxi-
mum momentum transfer of 35.0 A˚−1 was used for the
Fourier transform, corresponding to a real-space resolu-
tion of pi/Qmax = 0.0898 A˚. Since the GEM instrument
does not utilize energy analysis of the scattered beam,
the experimental PDF data contain information about
structural correlations on time scales as short as 10−13 s.
The x-ray total scattering measurements were con-
ducted on the Pair Distribution Function beamline (28-
ID-1) at the National Synchrotron Light Source II lo-
cated at Brookhaven National Laboratory. The incident
beam had a wavelength of 0.1867 A˚. Background and
calibration measurements were performed according to
standard protocols, as was also the case for the neutron
PDF data. A Perkin-Elmer area detector was used to
collect the raw diffraction data, which were then inte-
grated, reduced, and transformed using the Fit2D [50]
and xPDFsuite [51] software packages. The maximum
momentum transfer used for the Fourier transform was
25.0 A˚−1, leading to PDF data with somewhat lower
real-space resolution (0.126 A˚) compared to the neutron
PDF data. Additionally, the low Q-space resolution at
the x-ray beamline imposes a damping envelope on the
real-space PDF data, restricting reliable data to below
∼50 A˚. Due to the high intensity of the x-ray beam, a
collection time of 3 minutes per temperature point was
sufficient, enabling a thorough study of the temperature
dependence. Given the large energy scale of the incident
x-rays compared to electronic energy scales, the x-ray
PDF data reflect the true instantaneous atomic struc-
ture of the sample. The neutron and x-ray PDF data
were analyzed and modeled using the DiffPy-CMI pack-
age [52]. All refinements were carried out on the Nyquist
sampling grid.
We begin with the neutron PDF analysis. Due to the
time required to obtain high-quality data, we focused on
just two temperatures, 196 K (in the high-temperature
tetragonal phase) and 23 K (deep in the nematic phase).
A fit to the data at 23 K using the Cmma orthorhom-
bic structural model and the nominal 1:1 composition is
shown in Fig. 2(a), along with an x-ray PDF fit to be
discussed subsequently. The refined orthorhombicity is
δ = 0.0023(2) as determined by a fit to the neutron data
3FIG. 2. (a) Fit to the neutron (top) and x-ray (bottom) PDF
data using the orthorhombic structural model. The neutron
and x-ray data were collected at 23 K and 6 K, respectively.
The blue circles represent the data, the red curve the calcu-
lated PDF from the refined structural model, and the green
curve the fit residual, offset vertically for clarity. (b) Refined
orthorhombicity δ determined as a function of the midpoint
of the fitting range for the data collected at 196 K (orange
squares) and 23 K (blue circles). The steady decrease of δ
to zero for the 196 K data reflects the short-range nature of
the orthorhombic distortion at that temperature, while the
plateau around 0.002 at high rmid for the 23 K data indicates
a long-range structural distortion. The horizontal dashed line
indicates the magnitude of the low-temperature orthorhom-
bic distortion in the average structure as determined by con-
ventional Rietveld refinement. Error bars show the estimated
standard deviations of the refined parameters. (c) Difference
in Rw between the tetragonal and orthorhombic models as a
function of fitting range for the data collected at 23 K (blue
circles) and 196 K (orange squares).
over the range 1.5 – 50 A˚ , consistent with the expected
value of ∼0.002 based on conventional Rietveld refine-
ment. Refining the tetragonal model yields a poorer fit
(Rw = 0.136 compared to 0.129 for the orthorhombic
model), confirming that the data are sufficient to resolve
the orthorhombicity reliably. The estimated uncertainty
of the Rw values is below 0.001 as determined by boot-
strapping calculations, indicating that the difference be-
tween the two models is significant. Further details are
provided in the Supplementary Information.
An equivalent refinement of the orthorhombic struc-
tural model against the data collected at 196 K yields a
best-fit δ that is very close to zero for a fitting range of
1.5 – 50 A˚. This is not surprising, given that the long-
range crystallographic structure of FeSe is tetragonal at
this temperature. However, refining the same structural
model over a shorter fitting range from 1.5 – 21.5 A˚ re-
sults in a large δ of ∼0.004. Additionally, refining the
purely tetragonal model over the same range yields a sig-
nificantly worse fit, with Rw = 0.128 compared to 0.119
for the orthorhombic model. This indicates that the in-
stantaneous local structure up to 21.5 A˚ is orthorhombi-
cally distorted, but when averaged over longer distances
up to 50 A˚, the distortion is greatly reduced. This local
orthorhombicity is similar to that established by pre-
vious PDF measurements of Sr1−xNaxFe2As2 [43, 44].
We attribute this local orthorhombic distortion to short-
range nematicity in the high-temperature phase of FeSe.
To examine the length scale of the short-range or-
thorhombicity at 196 K, we performed a series of re-
finements of the orthorhombic model over a sliding data
window ranging from [1.5 A˚ - 21.5 A˚] to [30.5 A˚ - 50.5 A˚]
in steps of 1 A˚. The refined structural model for each
fitting window represents the best-fit structure on that
length scale. A width of 20 A˚ for the fitting ranges was
chosen because this provides enough data to ensure ro-
bust convergence of the fits but is not such a wide range
that it averages away any local structure. To reduce
the correlation between fitting parameters, we enforced
tetragonal symmetry of the atomic displacement param-
eters (ADPs) within the orthorhombic model, so that
the only additional free parameter in the orthorhom-
bic model relative to the tetragonal model was the or-
thorhombicity δ. We refined δ directly by parameter-
izing the in-plane lattice constants for the orthorhom-
bic model as a = amid(1 + δ) and b = amid(1 − δ),
where amid = (a+b)/2 is equivalent to the tetragonal in-
plane lattice constant. In addition, we refined the purely
tetragonal model over the same fitting ranges to allow a
comparison of the goodness of fit for each model.
The results of this procedure are displayed in Fig. 2(b)
and (c). In panel (b), the orange squares represent the
refined values of δ at 196 K as a function of rmid, the mid-
point of the fitting range. At low rmid, δ is quite large,
exceeding even 0.002 corresponding to the long-range or-
thorhombic distortion at low temperature (shown as the
dashed horizontal line). However, δ steadily decreases
as the fitting range increases, becoming statistically in-
distinguishable from zero for rmid between 35 and 40 A˚.
Similarly, the orange squares in panel (c) show the differ-
ence in Rw obtained from the tetragonal and orthorhom-
bic models; the higher this difference, the greater the im-
provement of the orthorhombic model over the tetrago-
nal model. The difference in Rw approaches 0.01 for the
low-r fits but steadily decreases as the fitting range in-
creases, eventually reaching zero around 30 A˚, close to
where the refined orthorhombicity reaches zero within
error bars. These results provide a direct illustration of
the short-range nature of the orthorhombic distortion at
196 K and reveal a length scale of approximately 3 nm.
We note that the characteristic length scale revealed by
PDF analysis may differ somewhat from the true corre-
lation length of the nematic order parameter.
The blue symbols in Fig. 2(b) show the corresponding
results for δ obtained from fits performed on the data col-
lected at 23 K. Interestingly, the refined values of δ are
nearly identical for both temperatures at low r, where
we once again observe an enhanced local orthorhombic-
4ity that decreases as the fitting range is increased. Be-
yond about rmid = 30 A˚, the low-temperature value of
δ plateaus at the expected value corresponding to the
long-range distortion of the average structure. Likewise,
the blue circles in Fig. 2(c) mark the difference in Rw
between the tetragonal and orthorhombic models as a
function of fitting range, showing a steady decrease from
about 0.015 at low r to a plateau around 0.003 at high r.
The enhanced short-range orthorhombicity may suggest
a scenario of incomplete nematic ordering with signifi-
cant nematic fluctuations persisting even at 23 K.
The neutron PDF results presented so far establish the
existence of a short-range, instantaneous orthorhombic
distortion correlated over approximately 3 nm that ex-
ists well into the high-temperature tetragonal phase, as
well as locally enhanced orthorhombicity on a similar
length scale deep in the nematically ordered state. To
obtain a more complete temperature dependence of the
local structure, we turn to the x-ray PDF data, which
were collected between 6 K and 300 K in steps of 6 K.
A representative x-ray PDF fit is shown in Fig. 2(a),
for which the orthorhombic model (shown) yields Rw =
0.091 compared to 0.096 for the tetragonal model (not
shown). For the PDF data collected at each tempera-
ture, we performed the same type of sliding-range fits
done for the neutron data. The output of this procedure
was a set of best-fit orthorhombic and tetragonal struc-
tural models corresponding to a dense (rmid, T ) grid.
In Fig. 3(a), we present a grayscale plot showing the
refined value of δ as a function of rmid and T , with the
brightness corresponding to the value of δ as quantified
by the color bar. This plot provides a visual represen-
tation of the evolution of the local orthorhombic distor-
tion with temperature. The distortion is nonzero even
at 300 K, but extends only up to fitting ranges with
rmid between 15 and 20 A˚. Over longer real-space dis-
tances, the refined orthorhombicity is zero. As the tem-
perature is lowered, δ remains nonzero to increasingly
high rmid. Indeed, below 200 K, even the longest fitting
range of 30.5 – 50.5 A˚ yields nonzero δ. We were unable
to conduct reliable fits over longer r ranges due to the
significant damping of the PDF data beyond ∼50 A˚ orig-
inating from limited Q resolution in the raw diffraction
data. The average uncertainty of the refined value of δ
is 5.2×10−4.
We illustrate the growth of the orthorhombic distor-
tion in Fig. 3(b), which displays the temperature depen-
dence of the estimated orthorhombic length scale (de-
fined here as the value of rmid of the fitting range for
which δ first reaches zero within the error bars). We
see a steady increase as the temperature is lowered un-
til 200 K, below which the characteristic length scale
exceeds the feasible range of the experimental data, so
no additional points have been plotted. The dashed
gray curve is a guide to the eye illustrating the trend
with temperature. This is also represented as the white
dashed curve in Fig. 3(a).
FIG. 3. (a) Grayscale plot of the orthorhombicity δ deter-
mined from x-ray PDF analysis of FeSe. The horizontal axis
represents the midpoint of the fitting window, the vertical
axis temperature. The white dashed curve represents an es-
timate of the length scale of nematic correlations. (b) Char-
acteristic length scale of the local orthorhombic distortion
in FeSe as a function of temperature. Below 200 K, the
length scale exceeds the sensitivity of the PDF data. The
gray dashed curve is a guide to the eye, corresponding to the
white dashed curve in (a).
As the temperature is lowered below Ts = 90 K, δ in-
creases in magnitude in the high-r range, while the low-r
range remains relatively unchanged. As with the neutron
PDF data, the low-r orthorhombicity is enhanced rela-
tive to that at high-r, with a similar relaxation length of
∼30 A˚. We note that the values of δ obtained from the
x-ray PDF data are systematically slightly lower than
those obtained from the neutron data, which is most
likely a consequence of the lower real-space resolution
of the x-ray data and/or a difference in time scale sen-
sitivity between the two measurements resulting from
differing effective energy integration windows. The r-
and T -dependent behavior of the refined δ values is con-
firmed by the refined ADP values, as discussed in the
Supplementary Information.
Taken together, the results of the x-ray PDF analysis
confirm and extend the neutron PDF results, establish-
ing the existence of a nanometer-scale orthorhombic dis-
tortion of the instantaneous local atomic structure that
survives well into the high-temperature tetragonal phase.
This local distortion, a manifestation of nematic fluctu-
ations, grows in correlation length as the temperature
is lowered toward the long-range nematic ordering tem-
5perature Ts. Moreover, it persists below Ts in the form
of an enhanced orthorhombic distortion at low r com-
pared to high r, with an approximate relaxation length
of 30 A˚ until it reaches the magnitude of the long-range
distortion.
The PDF analysis reported here represents direct ev-
idence of short-range, instantaneous orthorhombic dis-
tortions of the FeSe lattice, and further provides quan-
titative insights into the amplitude, length scale, and
temperature dependence of these fluctuations. The ro-
bustness of these fluctuations at elevated temperatures
is especially notable. Although we conducted no mea-
surements above 300 K, extrapolation of the length-
scale trend in Fig. 3(b) suggests that these fluctua-
tions may persist up to temperatures as high as 500
– 600 K. Interestingly, this is qualitatively consistent
with the 50-meV (580 K) splitting of the dxz and dyz
bands at low temperature revealed by photoemission
spectroscopy, which reflects the underlying nematic en-
ergy scale in FeSe [16, 17, 25]. In this sense, the presence
of local nematic symmetry breaking at room tempera-
ture and above may be a natural consequence of the
large nematic energy scale in FeSe.
The present results are quite similar to those from an
earlier PDF analysis of Sr1−xNaxFe2As2, which estab-
lished the presence of short-range orthorhombic distor-
tions on a length scale of 2-3 nm up to temperatures as
high as 500 K in undoped SrFe2As2 [43, 44]. The simi-
larities confirm the relevance of robust local orthorhom-
bicity attributable to nematic fluctuations across multi-
ple families of FeSCs. Further systematic PDF charac-
terization of short-range orthorhombicity in other iron
pnictide and chalcogenide systems will likely prove to be
illuminating in the ongoing effort to establish the ori-
gin of nematicity and its connection to superconductiv-
ity. In particular, comparing the characteristic length
scale and temperature dependence of the short-range or-
thorhombicity, or equivalently, nematicity revealed by
PDF with the corresponding attributes of other fluctu-
ating electronic degrees of freedom probed by comple-
mentary techniques, such as inelastic neutron scatter-
ing, will be highly informative. Earlier inelastic neutron
scattering studies of the antiferromagnetic spin fluctua-
tions in FeSe already provide significant insight into the
interplay between spin and nematic fluctuations [20, 24],
motivating future work focused on the real-space extent
and temperature dependence of the fluctuating antifer-
romagnetism.
We note that during the preparation of this
manuscript, we became aware of a similar work involving
x-ray PDF analysis of FeSe that appeared on the arXiv
preprint server [53]. The conclusions between the two
works are largely consistent.
Acknowledgements
We acknowledge Dung-Hai Lee, Ming Yi, and Yu
Song for valuable discussions. We thank Dave Keen
for his assistance with the neutron PDF experiments
at ISIS and Milinda Abeykoon and Eric Dooryhee for
their help with the x-ray PDF work at NSLS-II. Work
at Lawrence Berkeley National Laboratory was funded
by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences, Materials Sciences and
Engineering Division under Contract No. DE-AC02-
05-CH11231 within the Quantum Materials Program
(KC2202). Q. W. and J. Z. were supported by the
Innovation Program of Shanghai Municipal Education
Commission (grant number 2017-01-07-00-07-E00018),
the National Natural Science Foundation of China (grant
number 11874119), the Ministry of Science and Technol-
ogy of China (Program 973: 2015CB921302), and the
National Key R&D Program of the MOST of China
(grant number 2016YFA0300203). Use of the National
Synchrotron Light Source II at Brookhaven National
Laboratory, was supported by DOE-BES under Contract
No. DE-SC0012704.
∗ benfrandsen@byu.edu
[1] J. Paglione and R. L. Greene, Nat. Phys. 6, 645 (2010).
[2] R. Fernandes, A. Chubukov, and J. Schmalian, Nat.
Phys. 10, 97 (2014).
[3] H. Hosono and K. Kuroki, Physica C 514, 399 (2015),
superconducting Materials: Conventional, Unconven-
tional and Undetermined.
[4] Q. Si, R. Yu, and E. Abrahams, Nat. Rev. Mats. 1,
16017 (2016).
[5] T. Shibauchi, A. Carrington, and Y. Matsuda, Annu.
Rev. Condens. Matter Phys. 5, 113 (2014).
[6] X. Chen, P. Dai, D. Feng, T. Xiang, and F.-C. Zhang,
Natl. Sci. Rev. 1, 371 (2014).
[7] S. Lederer, Y. Schattner, E. Berg, and S. A. Kivelson,
Phys. Rev. Lett. 114, 097001 (2015).
[8] A. E. Bo¨hmer and C. Meingast, C. R. Phys. 17, 90
(2016).
[9] H.-H. Kuo, J.-H. Chu, J. C. Palmstrom, S. A. Kivelson,
and I. R. Fisher, Science 352, 958 (2016).
[10] A. V. Chubukov, M. Khodas, and R. M. Fernandes,
Phys. Rev. X 6, 041045 (2016).
[11] K. Matsuura, Y. Mizukami, Y. Arai, Y. Sugimura,
N. Maejima, A. Machida, T. Watanuki, T. Fukuda,
T. Yajima, Z. Hiroi, K. Yip, Y. Chan, Q. Niu, S. Hosoi,
K. Ishida, K. Mukasa, S. Kasahara, J.-G. Cheng, S. Goh,
Y. Matsuda, Y. Uwatoko, and T. Shibauchi, Nat. Com-
mun. 8, 1143 (2017).
[12] R. M. Fernandes and A. V. Chubukov, Rep. Prog. Phys.
80, 014503 (2017).
[13] S. Lederer, Y. Schattner, E. Berg, and S. A. Kivel-
son, Proc. Natl. Acad. Sci. USA 114, 4905 (2017),
http://www.pnas.org/content/114/19/4905.full.pdf.
[14] S. Margadonna, Y. Takabayashi, M. T. McDonald,
K. Kasperkiewicz, Y. Mizuguchi, Y. Takano, A. N. Fitch,
E. Suard, and K. Prassides, Chem. Commun. , 5607
(2008).
[15] E. Pomjakushina, K. Conder, V. Pomjakushin, M. Ben-
dele, and R. Khasanov, Phys. Rev. B 80, 024517 (2009).
[16] K. Nakayama, Y. Miyata, G. N. Phan, T. Sato, Y. Tan-
abe, T. Urata, K. Tanigaki, and T. Takahashi, Phys.
6Rev. Lett. 113, 237001 (2014).
[17] T. Shimojima, T. Sonobe, W. Malaeb, K. Shinada,
A. Chainani, S. Shin, T. Yoshida, S. Ideta, A. Fuji-
mori, H. Kumigashira, K. Ono, Y. Nakashima, H. An-
zai, M. Arita, A. Ino, H. Namatame, M. Taniguchi,
M. Nakajima, S. Uchida, Y. Tomioka, T. Ito, K. Kihou,
C. H. Lee, A. Iyo, H. Eisaki, K. Ohgushi, S. Kasahara,
T. Terashima, H. Ikeda, T. Shibauchi, Y. Matsuda, and
K. Ishizaka, Phys. Rev. B 89, 045101 (2014).
[18] M. D. Watson, T. K. Kim, A. A. Haghighirad, N. R.
Davies, A. McCollam, A. Narayanan, S. F. Blake, Y. L.
Chen, S. Ghannadzadeh, A. J. Schofield, M. Hoesch,
C. Meingast, T. Wolf, and A. I. Coldea, Phys. Rev.
B 91, 155106 (2015).
[19] A. V. Chubukov, R. M. Fernandes, and J. Schmalian,
Phys. Rev. B 91, 201105 (2015).
[20] Q. Wang, Y. Shen, B. Pan, Y. Hao, M. Ma, F. Zhou,
P. Steffens, K. Schmalzl, T. Forrest, M. Abdel-Hafiez,
X. Chen, D. Chareev, A. Vasiliev, P. Bourges, Y. Sidis,
H. Cao, and J. Zhao, Nature Mater. 15, 159 (2016).
[21] F. Wang, S. A. Kivelson, and D.-H. Lee, Nature Phys.
11, 959 (2015).
[22] S.-H. Baek, D. Efremov, J. Ok, J. Kim, J. van den Brink,
and B. Bu¨chner, Nature Mater. 14, 210 (2015).
[23] Y. Yamakawa, S. Onari, and H. Kontani, Phys. Rev. X
6, 021032 (2016).
[24] Q. Wang, Y. Shen, B. Pan, X. Zhang, K. Ikeuchi, K. Iida,
A. Christianson, H. Walker, D. Adroja, M. Abdel-Hafiez,
X. Chen, D. Chareev, A. Vasiliev, and J. Zhao, Nature
Commun. 7, 12182 (2016).
[25] M. Yi, Y. Zhang, H. Pfau, T. Chen, Z. Ye,
M. Hashimoto, R. Yu, Q. Si, D.-H. Lee, P. Dai, Z.-X.
Shen, D. Lu, and R. Birgeneau, arXiv , 1903.04557
(2019).
[26] J.-H. Chu, J. G. Analytis, K. De Greve, P. L. McMahon,
Z. Islam, Y. Yamamoto, and I. R. Fisher, Science 329,
824 (2010).
[27] J.-H. Chu, H.-H. Kuo, J. G. Analytis,
and I. R. Fisher, Science 337, 710 (2012),
http://science.sciencemag.org/content/337/6095/710.full.pdf.
[28] E. Rosenthal, E. Andrade, C. Arguello, R. Fernandes,
L. Xing, X. Wang, C. Jin, A. Millis, and A. Pasupathy,
Nat. Phys. 10, 225 (2014).
[29] A. E. Bo¨hmer, P. Burger, F. Hardy, T. Wolf, P. Schweiss,
R. Fromknecht, M. Reinecker, W. Schranz, and C. Mein-
gast, Phys. Rev. Lett. 112, 047001 (2014).
[30] T. Iye, M.-H. Julien, H. Mayaffre, M. Horvati,
C. Berthier, K. Ishida, H. Ikeda, S. Kasahara,
T. Shibauchi, and Y. Matsuda, J. Phys. Soc. Jpn 84,
043705 (2015).
[31] Y. Gallais, I. Paul, L. Chauvie`re, and J. Schmalian,
Phys. Rev. Lett. 116, 017001 (2016).
[32] S. Hosoi, K. Matsuura, K. Ishida, H. Wang,
Y. Mizukami, T. Watashige, S. Kasahara, Y. Matsuda,
and T. Shibauchi, Proc. Natl. Acad. Sci. USA 113, 8139
(2016).
[33] P. Massat, D. Farina, I. Paul, S. Karlsson, P. Strobel,
P. Toulemonde, M.-A. Me´asson, M. Cazayous, A. Sa-
cuto, S. Kasahara, T. Shibauchi, Y. Matsuda, and
Y. Gallais, Proc. Natl. Acad. Sci. USA 113, 9177 (2016).
[34] F. Kretzschmar, T. Bo¨hm, U. Karahasanovic´,
B. Muschler, A. Baum, D. Jost, J. Schmalian,
S. Caprara, M. Grilli, C. Di Castro, J. Analytis, J.-H.
Chu, I. Fisher, and R. Hackl, Nature Phys. 12, 560
(2016).
[35] S. Liu, B. Phillabaum, E. W. Carlson, K. A. Dahmen,
N. S. Vidhyadhiraja, M. M. Qazilbash, and D. N. Basov,
Phys. Rev. Lett. 116, 036401 (2016).
[36] Z. Xu, J. A. Schneeloch, J. Wen, E. S. Bozin, G. E.
Granroth, B. L. Winn, M. Feygenson, R. J. Birgeneau,
G. Gu, I. A. Zaliznyak, J. M. Tranquada, and G. Xu,
Phys. Rev. B 93, 104517 (2016).
[37] C.-W. Luo, P. C. Cheng, S.-H. Wang, J.-C. Chiang, J.-
Y. Lin, K.-H. Wu, J.-Y. Juang, D. A. Chareev, O. S.
Vokova, and A. N. Vasiliev, npj Quantum Mater. 2, 32
(2017).
[38] J. C. Palmstrom, A. T. Hristov, S. A. Kivelson, J.-H.
Chu, and I. R. Fisher, Phys. Rev. B 96, 205133 (2017).
[39] J. Wang, G.-Z. Liu, D. Efremov, and J. Van Den Brink,
Phys. Rev. B 95, 024511 (2017).
[40] S.-H. Baek, D. Bhoi, W. Nam, B. Lee, D. V. Efremov,
B. Bu¨chner, and K. H. Kim, Nat. Commun. 9, 2139
(2018).
[41] W. Wang, Y. Song, C. Cao, K.-F. Tseng, T. Keller, Y. Li,
L. Harriger, W. Tian, S. Chi, R. Yu, A. H. Nevidomskyy,
and P. Dai, Nat. Commun. 9, 3128 (2018).
[42] A. E. Bo¨hmer, T. Arai, F. Hardy, T. Hattori, T. Iye,
T. Wolf, H. v. Lo¨hneysen, K. Ishida, and C. Meingast,
Phys. Rev. Lett. 114, 027001 (2015).
[43] B. A. Frandsen, K. M. Taddei, M. Yi, A. Frano,
Z. Guguchia, R. Yu, Q. Si, D. E. Bugaris, R. Stadel,
R. Osborn, S. Rosenkranz, O. Chmaissem, and R. J.
Birgeneau, Phys. Rev. Lett. 119, 187001 (2017).
[44] B. A. Frandsen, K. M. Taddei, D. E. Bugaris,
R. Stadel, M. Yi, A. Acharya, R. Osborn, S. Rosenkranz,
O. Chmaissem, and R. J. Birgeneau, Phys. Rev. B 98,
180505 (2018).
[45] T. Egami and S. J. L. Billinge, Underneath the Bragg
peaks: structural analysis of complex materials, 2nd ed.
(Elsevier, Amsterdam, 2012).
[46] R. Hu, E. S. Bozin, J. B. Warren, and C. Petrovic, Phys.
Rev. B 80, 214514 (2009).
[47] D. Louca, K. Horigane, A. Llobet, R. Arita, S. Ji,
N. Katayama, S. Konbu, K. Nakamura, T.-Y. Koo,
P. Tong, and K. Yamada, Phys. Rev. B 81, 134524
(2010).
[48] W. Williams, R. Ibberson, P. Day, and J. Enderby,
Physica B 241-243, 234 (1997), proceedings of the In-
ternational Conference on Neutron Scattering.
[49] A. K. Soper and E. R. Barney, J. Appl. Crystallogr. 44,
714 (2011).
[50] A. P. Hammersley, S. O. Svenson, M. Hanfland, and
D. Hauserman, High Pressure Res. 14, 235 (1996).
[51] X. Yang, P. Juha´s, C. Farrow, and S. J. L. Billinge,
arXiv (2015), 1402.3163.
[52] P. Juha´s, C. L. Farrow, X. Yang, K. R. Knox, and
S. J. L. Billinge, Acta Crystallogr. A 71, 562 (2015).
[53] R. J. Koch, T. Konstantinova, M. Abeykoon, A. Wang,
C. Petrovic, Y. Zhu, E. S. Bozin, and S. J. L. Billinge,
Phys. Rev. B 100, 020501 (2019).
